Abstract The suppression of neural activity in the medial temporal lobe (MTL) has been suggested as a marker of successful recognition of familiarity in healthy subjects, but to be impaired in patients with Alzheimer's disease (AD). In this study, we investigated whether the ability to suppress MTL activity during repeated exposure to facename pairs was related to the ability to successfully encode novel associations in 90 individuals ranging from healthy young and older subjects to mildly impaired elderly and AD patients. Activity in the anterior MTL during Repeated stimuli was inversely related to performance in post-scan associative recognition for the Novel face-name pairs. In a subset (n = 60) of subjects undergoing more detailed neuropsychological testing, greater MTL Repeated activity was correlated with worse word-list delayed recall performance. Failure of response suppression to familiar information may be a sensitive marker of MTL dysfunction and memory impairment in aging and prodromal AD.
Introduction
The ability of the medial temporal lobe (MTL) structures to rapidly discriminate between familiar versus novel stimuli has been demonstrated in several electrophysiological, immediate-early-gene fos imaging and lesion studies in rodents and non-human primates (Brown and Aggleton 2001; Eichenbaum et al. 2007; Murray et al. 2007; Squire et al. 2007) . Reduction in the anterior MTL neuronal firing rate (i.e., individual neurons or populations of neurons) to repeated stimuli, sometimes termed repetition suppression (Desimone 1996) , is also thought to be one of the key mechanisms underlying recognition memory in humans. Functional magnetic resonance imaging (fMRI) studies in healthy young subjects, as well as in healthy elderly individuals, in vivo have demonstrated suppression of the blood-oxygen-level-dependent (BOLD) signal to repeatedly presented (familiar) stimuli in the anterior hippocampal and parahippocampal as well as in the inferior temporooccipital regions (Brozinsky et al. 2005; Henson et al. 2000; Henson et al. 2003; Johnson et al. 2008; RandGiovannetti et al. 2006 ). In the context of this paper, the term repetition suppression is used to refer to reduction of neural/BOLD fMRI activity with stimulus repetition-a specific phenomenon, which previously has been primarily linked to behavioral measures such as priming and familiarity-based recognition memory.
A recent multimodal imaging study, which combined fMRI with magnetoencephalography (MEG), provided convincing evidence in healthy young subjects that suppression of MTL activity is, indeed, an accompaniment of successful recognition of familiarity of previously learned items (Gonsalves et al. 2005) . Similarly, there is recent evidence that MTL response suppression to repeated stimuli is impaired in patients with Alzheimer's disease (AD) and in individuals with amnestic mild cognitive impairment (MCI), who characteristically have significant MTL pathology and difficulty learning and retaining new information (Golby et al. 2005; Johnson et al. 2004; Pihlajamäki et al. 2008) . The relationship between the MTL response suppression to repeated information and the ability to successfully form new episodic memories remains, however, to be fully explored. Most former studies on repetition suppression have utilized item stimuli in relatively small groups of subjects. In this study, we used cross-modal associative stimuli to investigate the neural response to repeated stimuli across a large sample of subjects ranging from healthy young to healthy elderly, MCI, and patients with mild AD. Furthermore, we investigated whether the ability to suppress MTL activity to repeatedly presented stimuli was related not only to familiarity-based recognition but also more broadly to episodic memory performance. To this aim, subjects were imaged while processing novel and repeated face-name stimuli alternating with visual fixation, and memory performance was assessed using two independent measures: a post-scan associative name recognition test on the face-name pairs encoded during scanning and a standard neuropsychological word-list delayed recall test.
Successful associative memory formation has previously been shown to require increased anterior MTL activity during the encoding of novel paired stimuli (Chua et al. 2007; Pihlajamäki et al. 2003; Sperling et al. 2003a) . We theorized that the ability to successfully encode novel stimuli would also be associated with greater suppression of anterior MTL activity to repeated stimuli. Thus, we hypothesized that cognitively intact young and older subjects would demonstrate preserved repetition suppression in the anterior MTL, whereas we expected the cognitively impaired elderly subjects, and the AD patients in particular, to demonstrate impaired suppression of fMRI activity. Furthermore, we expected that the degree of repetition suppression in these anterior MTL regions would predict performance on episodic memory measures acquired in the separate neuropsychological assessment. In other words, we hypothesized that MTL repetition suppression over the course of the fMRI experiment would differ across the groups of subjects, and that the degree of repetition suppression would correlate with memory performance. A key question in AD is whether the memory impairment results from failure of encoding, consolidation, or retrieval mechanisms. Previous work has shown that late MCI and AD patients demonstrate significantly impaired MTL activity during novel encoding. In this study, we investigate whether failure of repetition suppression is another key factor underlying the fMRI differences between cognitively impaired vs. intact subjects using comparisons between novel vs. repeated stimuli, and thus a sensitive indicator of the functional integrity of the MTL in advanced aging and early AD.
Material and methods

Study subjects
Ninety individuals participated in the study (Table 1) : i) 15 young control subjects; ii) 30 elderly cognitively normal subjects with a Clinical Dementia Rating (CDR) score of 0 (Morris 1997) ; iii) 30 elderly cognitively mildly impaired subjects with CDR 0.5 (questionable dementia); iv) 15 elderly subjects with CDR 1.0 (mild dementia) meeting NINCDS-ADRDA criteria for probable AD (McKhann et al. 1984) . Subjects were classified into the three study groups on the basis of their CDR score, the CDR 0.5 subjects also met the following criteria for MCI: 1) a memory complaint corroborated by an informant, 2) normal general cognitive function, 3) normal activities of daily living, and 4) not demented. The CDR=0.5 subjects did not meet the commonly used Petersen criteria for MCI, and therefore we are also not calling them as "MCI". The CDR = 0.5 subjects of this study were cognitively milder impaired than (amnestic) MCI subjects in most other studies, but likely would meet the new Alzheimer's disease Neuroimaging Initiative (ADNI) "early MCI" criteria. The purpose of this study was to investigate the whole cognitive range of subjects from young healthy to clinical AD patients, and the CDR=0.5 subjects present an intermediate cognitive state between cognitively intact elderly and patients with dementia of AD type.
The young and elderly CDR 0 subjects were free from psychiatric and neurological illness. None of the subjects were taking medications with known central nervous system effects at the time of scanning. AD patients had either been off cholinesterase inhibitors for at least 30 days prior to scanning or had never taken these medications. The elderly CDR 0 and 0.5 participants (n=60) were recruited from a longitudinal study examining preclinical predictors of AD, and underwent additional neuropsychological testing. Age-and education-adjusted Z-scores for the Rey Auditory Verbal Learning Test (RAVLT) delayed recall measures were calculated based on a large group of normal older subjects in our community (Dickerson et al. 2007 ). Five of the AD patients were recruited from the longitudinal study. The remaining 10 AD patients were recruited from a memory disorder clinic; the RAVLT data was not available for these patients. All subjects provided informed written consent in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki) and with the Human Research Committee guidelines of the Massachusetts General Hospital and Brigham and Women's Hospital (Boston, MA, USA). Subsets of these 90 subjects have been previously reported in a study of novel encoding using anatomically defined regions of interest limited to the medial temporal lobe (n= 29) (Dickerson et al. 2005 ); a study of memory networks using independent component analysis (n=52) (Celone et al. 2006) ; and in a study focusing on the relationship between the MTL activation and posteromedial task-induced deactivation findings in AD versus elderly controls (n=44) (Pihlajamäki et al. 2008) .
fMRI activation paradigm and post-scan memory test
The fMRI activation paradigm consisted of blocks of visually complex cross-modal associative stimuli, that is Novel and Repeated face-name pairs alternating with visual Fixation, for details see (Sperling et al. 2001) . For the Novel and Repeated activation conditions, the participants were instructed to try to remember the name associated with each face, and to make a subjective decision as to whether or not they thought the name "fit" the face as indicated with a button press. During the Fixation baseline, they were instructed to focus their attention to a white cross-hair (+) presented on the black background. Each of the six fMRI runs consisted of two Novel blocks presenting faces previously unfamiliar to the subjects paired with contextually novel first names (7 face-name pairs per block, each shown for 5 s) and two Repeated blocks of identical timing, separated by 25 s periods of Fixation. During the Repeated blocks, two randomly alternating face-name pairs (i.e., one male and one female face-name pair) were presented repeatedly. Each repeated face-name pair was viewed during the pre-scan training session to fully familiarize these stimuli prior to scanning, and were viewed an additional 42 times over the course of the fMRI experiment. Perceptually, the face-name stimuli comprised of complex high-resolution color photographs of faces, which were centered on a black background and paired with fictional common English names printed in white font below the face. Visual stimuli were presented using MacStim 2.5 software (WhiteAnt Occasional Publishing, West Melbourne, Australia). Images were projected through a collimating lens onto a screen attached to the head coil. Responses were collected using a fiber-optic response box held in the right hand.
After the scanning session subjects underwent a twoforced-choice associative name recognition memory test, during which a set of twelve Novel faces seen during the experiment and the two Repeated faces were presented. Each face was shown with two names printed underneath: the correct name and one incorrect name that was previously paired with a different face during scanning. The subjects were instructed to indicate the correct name by pointing to it on the computer monitor.
fMRI data acquisition Subjects were scanned using a Siemens Trio 3.0 T scanner (Siemens Medical Systems, Iselin, NJ) equipped for echo- planar imaging (EPI) with a 3-axis gradient head coil. High-resolution structural images were acquired using a T 1 -weighted 3D MP-RAGE (Magnetization Prepared Rapid Acquisition Gradient Echo) sequence with the following parameters: repetition time (TR)=2,530 ms, echo time (TE)=3.45 ms, inversion time (TI)=1,100 ms, flip angle (FA)=7°, field of view (FOV)=256 mm, matrix=192×256, slice thickness=1.33 mm, 128 sagittal slices. Second, in order to improve co-registration of the structural and functional images we also acquired structural images using a T 1 -weighted EPI sequence and the same slice positioning than for the functional images: TR=30,000 ms, TE=39 ms, TI= 1,200 ms, FOV=200 mm, matrix= 64 ×64. Third, BOLD fMRI data were acquired using a T 2 * -weighted gradient-echo EPI sequence with the following parameters: TR=2,500 ms, TE=30 ms, FA =90°, FOV=200 mm, matrix=64×64, resulting in an in-plane resolution of 3.125×3.125 mm 2 . Twenty-eight oblique coronal slices with a thickness of 5.0 mm and an interslice gap of 1.0 mm were acquired, oriented perpendicular to the anteriorposterior commissural line. Scanning time for each functional run was 4 min 15 s and consisted of 102 whole-brain acquisitions; the first 4 functional volumes (Fixation) were later discarded from the data analysis to allow for T 1 -stabilization. Total functional scanning time of six fMRI runs was 25 min 30 s. fMRI data analysis fMRI data analysis was carried out using FEAT (FMRI Expert Analysis Tool) 5.63, part of FSL (www.fmrib.ox. ac.uk/fsl). The following pre-statistical processing was applied: motion correction, removal of non-brain structures, spatial smoothing using a Gaussian kernel of full width at half maximum of 5 mm, mean-based intensity normalization of all volumes by the same factor, and highpass temporal filtering with a frequency cutoff point of 140.0 s. Time-series statistical analysis was carried out using FILM (FMRIB's Improved Linear Model) with local autocorrelation correction. FMRI images were registered to high resolution structural images and to the Montreal Neurological Institute (MNI) standard brain via the "initial" structural images (the T 1 -weighted EPI images) using FLIRT (FMRIB's Linear Image Registration Tool) and 12 parameter affine registration. Registration success was visually checked in each subject using the registration report output of the FSL first-level data analysis.
Subjects were scanned while processing Repeated (R) and Novel (N) face-name stimuli alternating with visual Fixation (F). Processing of Repeated and Novel facename pairs was separately contrasted to Fixation (contrasts RvF and NvF, respectively). MTL activity during Novel stimuli compared to Fixation (NvF) was examined in addition to RvF in order to investigate suppression of MTL activity during processing Repeated relative to Novel stimuli. Higher-level correlational analyses were carried out using FLAME (FMRIB's Local Analysis of Mixed Effects). The covariance of the brain RvF activity with the post-scan name recognition performance across all 90 subjects and with the RAVLT delayed recall performance across the 60 elderly subjects was examined using corresponding test scores as covariates of interest (entering age, education and gender as covariates of no interest). The resulting Z statistic images were corrected for multiple comparisons using cluster thresholding: the voxelwise Z statistic threshold was set to Z>2.3 and the cluster probability threshold to p<0.05. Data analysis was restricted to the MTL structures by using standard anatomical criteria (Insausti et al. 1998; Pruessner et al. 2002) .
Within those MTL regions that demonstrated significant correlation between RvF activity and post-scan recognition memory performance, we performed a ROI analysis by positioning the center of a sphere with 5 voxels' diameter into the peak MNI coordinate of significant MTL clusters. The correct location of the ROIs within the MTL was visually inspected. The mean percent RvF and NvF signal change within each ROI was extracted using FSL Featquery. The ROI analyses were performed to complement the FSL map-level data analyses, i.e., to investigate the magnitude and directionality of the BOLD signal and also to provide some insight into the inter-individual variability of the fMRI response across the study groups.
Demographic and cognitive data analysis
Statistical analysis of demographic, cognitive, fMRI behavioral and ROI data was conducted with SPSS 14.0 (SPSS Inc., Chicago, IL, USA). The level of statistically significant differences was set at p<0.05.
Results
Demographic, cognitive and fMRI behavioral results
As presented in detail in Table 1 , there were statistically significant differences in age, education and gender distribution between the study groups and therefore these parameters were entered as covariates in the FSL data analysis. There were also differences between the groups in Mini-Mental State Examination, RAVLT and post-scan name recognition performance. Mean reaction times for both the Novel and Repeated stimuli were slower in the cognitively impaired elderly subjects' and AD patients' groups (Table 1 ). All subjects showed a faster reaction time in response to Repeated face-name pairs compared to Novel, consistent with priming to familiar stimuli. Interestingly, this Novel-Repeated reaction time difference was preserved even in the AD patients suggesting that some degree of priming was preserved, although the priming effect appears somewhat diminished in the AD patients relative to the other elderly study groups.
fMRI correlations with post-scan associative recognition memory
In the FSL correlational analyses across all 90 study subjects (Fig. 1, left column) , we found three MTL areas to demonstrate significant (p<0.05, cluster-corrected for multiple comparisons) negative correlation between the RvF activity and post-scan face-name recognition memory test scores (peak MNI coordinates, Z-scores and corresponding uncorrected p-values are given in the parentheses): 1) the left anterior hippocampus together with the neighboring perirhinal cortical and amygdala regions (MNI=−18, −8, −20; Z= 3.12; p=0.0009); 2) the left middle hippocampus and parahippocampal cortex (−24, −24, −18; Z=2.82; p= 0.002); 3) the left posterior hippocampus and parahippocampal cortex (−30, −36, −10; Z=2.56; p=0.005). We found no areas of positive correlation between RvF activity and recognition memory performance.
Region-of-interest (ROI) analysis of RvF signal magnitude within the anterior, middle and posterior MTL clusters of significant correlation (Fig. 1, scatter plots) elucidated the findings of the FSL map-level data analysis that greater MTL fMRI signal during processing Repeated stimuli was correlated with worse recognition memory performance (anterior MTL: r=−0.62, p<0.001, Pearsson's correlation; middle MTL: r=−0.31, p=0.003; posterior MTL: r=−0.34, p= 0.001). Corresponding correlation analyses between the postscan recognition memory performance and RvF fMRI signal were also performed within the study groups. Significant correlations similar to the findings across all 90 subjects were observed within the study groups in the anterior MTL, but not in the middle or posterior MTL regions suggesting that the anterior MTL results were not driven by group effects (anterior MTL, within young controls: r=−0.64, p= 0.01; elderly CDR 0.0 subjects: r=−0.66, p<0.001; elderly CDR 0.5 subjects: r=−0.61, p<0.001; elderly CDR 1.0 subjects: r=−0.72, p=0.002; within the elderly CDR 0.0 and CDR 0.5 elderly r=−0.59, p<0.001).
Finally, to illustrate the relation between the RvF repetition suppression and MTL activity during processing Novel stimuli, we also examined the NvF activity in each of the anterior, middle and posterior MTL ROIs (Fig. 1, bar  graphs) . In the cognitively intact subject groups the anterior, and also the middle, MTL demonstrated suppression of activity during processing Repeated relative to Novel stimuli (young subjects: p<0.001, paired-samples Ttest), whereas there was no significant difference between NvF and RvF anterior MTL activity in the group of AD patients (p=0.8). The cognitively intact and mildly impaired elderly groups showed levels of repetition suppression intermediate to healthy young subjects and AD patients.
fMRI correlations with word-list delayed recall
In the FSL analysis within the group of 60 elderly CDR 0 and 0.5 subjects with additional neuropsychological testing available, the anterior MTL RvF activity demonstrated significant negative correlation with word-list delayed recall scores (MNI=−16, −4, −30; Z=3.29; p= 0.0005) resembling the correlation results between RvF activity and associative recognition memory performance. Anatomically, the anterior MTL cluster covered areas in the hippocampus and in the neighboring entorhinal, perirhinal and amygdala regions, and also extended to the middle parts of the MTL.
The significance of the inverse relation between greater RvF activity and worse word-list delayed recall was illustrated with the ROI analysis (r=−0.61, p<0.001). Similar to the results with recognition scores as a covariate, word-list delayed recall performance also correlated negatively with posterior hippocampal and parahippocampal RvF activity in the FSL analysis (−30, −34, −6; Z=3.51; p=0.0002) as well as in the ROI analysis (r=−0.44, p<0.001). We found no areas of positive correlation between the RvF fMRI activity and word-list delayed recall scores (Fig. 2) .
Discussion
This study found that failure of the MTL activity to discriminate familiar from novel information at encoding was related to poor associative recognition memory test performance as well as poor performance in neuropsychological tests of episodic memory across a range of age and cognitive impairment. Cognitively normal young and elderly subjects show preserved suppression of MTL activity to stimulus repetition, whereas cognitively impaired elderly and patients with Alzheimer's disease show reduced suppression of MTL activity. These results support the hypothesis that intact MTL repetition suppression may be a marker of successful memory encoding, early consolidation, and subsequent memory test performance.
We found the strongest correlation between the impaired repetition suppression and poor memory performance in the anterior MTL regions, which on one hand are known to be sensitive to encoding novel associative stimuli (Chua et al. 2007; Daselaar et al. 2006; Henson et al. 2003; Pihlajamäki et al. 2003; Sperling et al. 2003a; Sperling et al. 2001 ) and on the other to suppress neural and BOLD fMRI activity to repeated stimuli (Brozinsky et al. 2005; Johnson et al. 2008; Rand-Giovannetti et al. 2006) . Involvement of the anterior rhinal cortical regions in repetition suppression, as found in this study along the hippocampus, is consistent with the findings in previous electrophysiological recording Fig. 1 The relation between the medial temporal lobe (MTL) repetition suppression and recognition memory performance. a In the FSL analyses, left (L) anterior MTL activity during processing Repeated face-name pairs versus Fixation (RvF) was negatively correlated with the post-scan name recognition memory test performance (p<0.05, cluster-corrected). As shown in the scatter plot, significance of the correlation between impaired repetition suppression and poor memory performance was illustrated using a region-ofinterest (ROI) analysis of fMRI signal magnitude across the 90 study subjects (r=−0.62, p<0.001, Pearson correlation). The bar graph demonstrates increasing RvF activity (black bars, mean ± SEM) across the study groups. fMRI activity during processing Novel facename pairs versus Fixation (NvF, gray bars) is presented to illustrate the diminished suppression of RvF activity relative to NvF activity in the cognitively impaired subject groups (* indicates significantly different NvF versus RvF activity, paired samples T test). The middle and posterior MTL areas of negative correlation between the RvF activity and recognition memory are shown in panels (b) and (c), correspondingly. Different from the anterior MTL, in the posterior MTL difference between the NvF and RvF activity was not significant in the cognitively intact study groups (i.e., young and CDR 0 subjects). MNI-coordinates of the crosshairs, which also are the center coordinates of the spherical ROIs, are given for each panel. CDR Clinical Dementia Rating studies which demonstrated that a key property of the perirhinal cortical neurons is to discriminate between novelty and familiarity (Brown and Aggleton 2001; Murray et al. 2007 ), whereas there is less evidence in animal studies of the importance of the anterior hippocampus in repetition suppression. It is worth noting that in this human fMRI study we utilized cross-modal associative stimuli and tested for declarative memory formation using delayed associative measuresfactors which may contribute to the significant involvement of the hippocampus in addition to the parahippocampal cortices. It is also important to remember that fMRI measures activity in a large population of neurons and therefore direct comparisons between techniques such as single cell recordings in animals and human fMRI are challenging (Grill-Spector et al. 2006) . The results regarding the middle and posterior parts of the MTL were statistically less significant than findings in the anterior MTL. We hope to investigate the less conclusive middle-posterior MTL findings and their implications in more detail with future event-related studies.
Our findings that the anterior hippocampal and parahippocampal regions demonstrate the strongest evidence of repetition suppression are in agreement with results of former fMRI studies in young healthy subjects (Brozinsky et al. 2005; Gonsalves et al. 2005; Henson et al. 2003) . The previous fMRI studies typically utilized event-related recognition memory paradigms presenting old and new items, whereas in the present block-design study we imaged the subjects during intentional associative encoding of visually complex cross-modal face-name stimuli. Thus, the repetition suppression effect observed in this study is not influenced by the conscious new/old decision making on each stimulus. Importantly, in this study memory formation was tested using delayed associative measures (whether recognition or free recall) of the ability to form long-term memories. This set-up brings the results between MTL response suppression during stimulus processing and successful memory formation beyond the continuous "on-line" recognition memory tasks used in most previous studies. Interestingly, in the present study, the subjects were also not able to solve the post-scan associative name recognition memory test based on familiarity with the name only as both names printed underneath the face had been presented during the fMRI experiment. In addition to the present results from a block-design fMRI study, future eventrelated fMRI studies specifically designed to investigate the relationship between repetition suppression and success of long-term memory formation in cognitively intact and impaired subjects are, however, warranted.
In normal subjects, memory strength is thought to be signaled rapidly by the MTL cortex through repetition suppression (i.e., activation reduction) providing a basis for the quick subjective perception of stimulus familiarity or novelty (Gonsalves et al. 2005) . This very rapid signaling is suggestive of changes in the synaptic strength in the feedforward connections from the sensory cortices to the MTL structures (Grill-Spector et al. 2006) . It is plausible that during the intact learning process in young and elderly healthy controls, neuronal selectivity to repeated stimuli increases (Yanike et al. 2004 ) which may then be reflected as reduced BOLD fMRI activity. According to the "noveltyencoding view", one key function of declarative memory is to Fig. 2 The relation between the medial temporal lobe (MTL) repetition suppression and free recall performance. In the FSL analyses, fMRI activity of the left (L) anterior and middle hippocampus and neighboring rhinal and parahippocampal cortices during processing Repeated face-name pairs versus Fixation (RvF) demonstrated significant negative correlation with the Rey Auditory Verbal Learning Test (RAVLT) delayed recall performance (p<0.05, clustercorrected). As presented in the scatter plot, the association of impaired repetition suppression with poor delayed recall performance was elucidated using a region-of-interest (ROI) analysis of fMRI signal magnitude across the 60 cognitively normal (Clinical Dementia Rating, CDR, 0) and mildly impaired (CDR 0.5) elderly individuals (r=−0.61, p<0.001, Pearson correlation). The bar graph suggests greater RvF activity (black bars, mean ± SEM) in the CDR 0.5 than in the CDR 0 group. fMRI activity during processing Novel face-name pairs versus Fixation (NvF, gray bars) is presented to illustrate the diminished, although still significant, suppression of RvF activity relative to NvF activity in the CDR 0.5 group (* indicates a significant difference in NvF versus RvF activity, paired samples T test). MNIcoordinate of the crosshair, which also is the center coordinate of the spherical ROI, is given in the left upper corner support discrimination of stimuli that were previously encountered from those that are novel (Ranganath and Rainer 2003; Tulving et al. 1996) . This is consistent with the idea that changes in synaptic strength, which support discrimination of novelty and familiarity are essential initial steps in early memory consolidation. The pronounced initial activation to novel stimuli followed by response suppression to highly familiar stimuli may indirectly indicate enhanced synaptic strength and neuronal selectivity related to effective memory encoding and consolidation.
It is worth noting, however, that the theoretical link between the repetition suppression phenomenon and its potential role in long-term memory formation is not well understood and also cannot be fully explicated by the current fMRI data. In previous studies, the anterior MTL repetition suppression has been most strongly linked to familiarity or item-based memory (Brown and Aggleton 2001) . Based on the results of this study, we have speculated that the repetition effects may not only be related to familiarity-based recognition memory, but also more broadly to episodic memory performance. We cannot, however, fully rule out an alternative interpretation of the data, that is the possibility that the repetition effects seen during encoding novel/repeated face-name pairs simply reflect the same kind of item familiarity as reported in prior studies. In other words, the familiarity of the previously observed faces and/or names may drive the finding of reduced MTL activity rather than the actual linking and subsequent associative encoding of these items. Thus, it remains a possibility that the lack of MTL repetition suppression reflects impaired item-based memory, which may then serve as a marker for more extensive MTL dysfunction given the proximity of the neural substrates and MTL substructures as well as the diverse pathological changes already in the earliest changes of AD (Braak and Braak 1991; Gomez Isla et al. 1997; Hyman et al. 1984; Kordower et al. 2001; Scheff et al. 2006 ). Future eventrelated studies that can separately investigate the effects of item vs. associative stimuli on regionally specific MTL repetition suppression are needed.
In line with previous studies (Golby et al. 2005; Johnson et al. 2004; Pihlajamäki et al. 2008) , this study suggests that in the cognitively impaired elderly subjects the anterior MTL may have lost its inherent sensitivity to recognize familiar information, or-vice versa-sensitivity to novel encoding. Our finding of reduced fMRI response suppression in the cognitively impaired elderly and AD patients suggests that the important initial steps of memory formation are altered already in cognitively mildly impaired subjects at potential risk for AD. The characteristic cognitive deficit in incipient AD is the inability to form and retain new memories due to neuropathological changes (i.e., neurofibrillary tangles as well as loss of neurons and synapses) often concentrated in the anterior MTL structures in the early stages of the disease (Braak and Braak 1991; Gomez Isla et al. 1997; Hyman et al. 1984; Kordower et al. 2001; Scheff et al. 2006) . Results of this study suggest that AD patients, affected by the MTL pathology, and also to a lesser degree the cognitively impaired elderly subjects, are not able to form new stimulus representations and the stimuli do not necessarily become familiarized to the subjects, even when highly repetitive.
Previous fMRI studies in AD patients, compared to healthy elderly individuals, have reported decreased or absent MTL activity during processing of novel versus repeated information (Dickerson et al. 2005; Golby et al. 2005; Rombouts et al. 2000; Sperling et al. 2003b ). The present study, together with several other recent studies, provides evidence of increased MTL activity in AD during processing of repeatedly presented stimuli (Golby et al. 2005; Pihlajamäki et al. 2008 ). Similar to our findings in cognitively impaired elderly individuals, impaired adaptation of the MTL response to repeated stimuli has also been reported in subjects with amnestic MCI (Johnson et al. 2004 ). Thus, findings of decreased MTL activity comparing novel to repeated stimuli in AD or MCI patients in the fMRI contrast are likely to be explained to a large degree by failure of MTL repetition suppression, in addition to alterations in novel encoding. Furthermore, we found that greater MTL activity to repeated face-name stimuli was inversely correlated with memory performance on a standard verbal memory neuropsychological test. These results provide evidence that episodic memory impairment typically seen in mild AD may not only manifest as decreased but also as increased activation of the MTL memory structures.
In conclusion, this study shows that anterior MTL response suppression to previously encountered associative information is related to successful memory formation as measured by delayed recognition and free recall measures. These results suggest that intact MTL response suppression to stimulus repetition may be a marker of successful memory encoding and early consolidation. The failure of the anterior MTL to discriminate familiar from novel information may be a sensitive indicator of MTL dysfunction early in the course of AD. The results of this study and future multimodality imaging studies, including PET amyloid imaging, should serve to advance our understanding of the pathophysiological substrates of memory impairment in early AD.
